Amplitudes of Rayleigh waves generated by some southern Nevada nuclear explosions and cavity collapses were analysed. The Rayleigh amplitude radiation patterns of the explosions and collapses were found to be strongly affected by the Earth structure along the travel paths from source to receivers. The effect of any tectonic strain release on the Rayleigh wave amplitude radiation patterns is believed to be small for most of the explosions studied. The corrections to the amplitudes for the effect of the travel path to each recording station were determined. Use of these amplitude corrections can improve the estimate of surface wave magnitude for seismic events in the southern Nevada region.
Introduction
The importance of reaching a full understanding of the nature of earthquake and explosion source mechanisms has prompted many source function studies. To investigate the source function, these studies have used various properties of seismic waves such as: the first motion of body phases (see the review by Honda 1962) , the phase of surface waves (Aki 1960a (Aki , b, c, 1964a (Aki , 1964b Ben-Menahem & Toksoz 1963) , and the amplitude of surface waves (Aki 1964b; Brune & Pomeroy 1963; Smith 1963; Toksoz, Ben-Menahem & Harkrider 1964; Toksoz, Harkrider 8c Ben-Menahem 1965; Toksoz & Clermont 1967; Toksoz, Thomson & Ahrens 1971) .
In the present study, the amplitude radiation patterns for Rayleigh waves generated by some southern Nevada nuclear explosions and cavity collapses were investigated. In particular, the effect of the crustal and upper mantle structure on the amplitude of Rayleigh waves propagating from southern Nevada across the western United States was determined. The amplitude measurements were made in the time domain with the cycle having the largest amplitude usually being selected for measurement.
Source radiation patterns for the explosions and collapses studied were calculated using Rayleigh wave amplitudes corrected for the source-to-receiver path effect. These source radiation patterns and their implications for magnitude computations are discussed.
Rayleigh amplitude radiation patterns for some NTS explosions and collapses
Rayleigh waves from some Nevada Test Site (NTS) explosions recorded by a network of seismic stations were examined to determine if the Rayleigh wave amplitudes measured in the time domain could be represented by the product of an event (source) amplitude factor and a station (total path effect) amplitude factor. This product may be written in the form:
(1) where A , is the measured amplitude of a seismic phase recorded at tliejth station for the ith nuclear explosion, E i is an event amplitude factor and Sj is a station amplitude factor which represents the effect on the measured amplitude of the Earth structure along the entire travel path from source to station. If the amplitudes of seismic signals from a set of nuclear explosions satisfy equation (l) , it implies that the explosions will all have essentially the same source radiation pattern, and will differ from each other only in the total amount of energy released. If this Rayleigh wave radiation pattern which is common to all the explosions is not circular, the station amplitude factors will represent both the path effect due to Earth structure and the azimuthal variation in the amount of energy propagating from the source. The body wave magnitudes (mb) for all of the explosions and collapses investigated in this study differ by less than 1.5. Therefore spectral changes associated with source yield changes are not significant in the period range for which the amplitude measurements were made (9.5-18 s). To analyse the Rayleigh wave amplitude radiation patterns using equation (l), the amplitude of the same cycle in the signal need not be measured at all stations for a given explosion, but for a given station the same cycle of motion must be measured for all explosions. By making the amplitude measurements in this manner, dispersion of the Rayleigh waves will not introduce significant errors since all of the explosions investigated in this study are located within 50 km of each other as is shown in Fig. 1 .
Amplitudes of Rayleigh waves from the NTS explosions AUK, BILBY, BRONZE, CUP, KLTCKITAT and WAGTAIL were analysed to determine if equation (1) could be applied. The epicentre co-ordinates and magnitude (mb) of each of these explosions are listed in Table 1 , and their relative locations are shown in Fig. 1 .
Seismic data from recording stations in the distance range 294-2343 km were analysed. Data from stations closer than 294 km were not included in the analysis because the instruments at these close stations were found to be frequently overdriven by the surface waves, with the result that the amplitude and period measurements are very unreliable.
The amplitude and period values for the Rayleigh waves were obtained from station films. Figs 2 and 3 give an example of Rayleigh signals from each of the seismic stations used in this study with the cycle measured at each station indicated. At any given station, the Rayleigh signals were found to be similar for all explosions which were of sufficient magnitude to be recorded with a high signal-to-noise ratio. (A possible exception is the Rayleigh wave from the HARDHAT explosion recorded at HL-ID. The HARDHAT explosion is discussed later.) The similarity in Rayleigh signal waveform is shown in Fig. 4 for the seismic stations DR-CO and WO-AZ. Because of this similarity of all explosion signals recorded at a given station, the signals shown in Figs 2 and 3 serve as an example of the waveform of Rayleigh signals from most NTS explosions recorded at each of the stations used in this study. This similarity of the Rayleigh signals also results in the difference between periods measured for all explosions at any given station being usually less than 2 s.
Errors in amplitude measurement of the Rayleigh signals can be quite large, and can arise from several sources. The field calibration of the instruments is usually not claimed to be better than & 15 per cent, and may be worse. Reading errors and errors due to the presence of seismic noise also contribute to the total measurement error. It was found that only a small amount of seismic noise was sufficient to cause an error in the measured period of 1 or 2 s. The correction for the amplitude response of the seismograph system can be greatly in error if the measured period is in error.
The per cent error in the instrument-corrected amplitude value due to a 1.0-s error in the period is shown in Fig. 5 for the LRSM long-period system. The importance of obtaining accurate period measurements is evident. Based on Fig. 5 , the uncertainty in the calculated amplitudes is taken to be +30 per cent for most stations. Calculation of spectral amplitudes from calibrated seismic data would eliminate some but not all of this uncertainty.
All Rayleigh amplitudes were scaled by (sin A)* where A is the great circle distance between epicentre and station. The factor (sinA)* is an amplitude correction for spreading of surface waves over a sphere. This correction is not necessary for the determination of the Rayleigh wave amplitude radiation patterns using the present analysis technique, and so application of this scale factor is arbitrary.
To determine the event amplitude factors E i and station amplitude factors Sj from a set of measured amplitudes A,, equation (1) was written in logarithmic form:
In A, = In E,+ln Sj.
(2) Using equation (2) for each station recording each of the events considered, the least squares solution for the terms In E i and In S, was determined. The stations used in the analysis for the explosions AUK, BILBY, BRONZE, CUP, KLICKITAT and WAGTAIL are shown in Fig. 6 (a), (b) and (c). These figures also show the total number of stations recording long-period data in the distance range under consideration and indicate why some data was not available for measurement. Each station had to record at least two of the explosions being analysed to be included in the station amplitude factor determination procedures. Because of the error introduced in the measurement of the periods, equation (2) was not only solved using values of A, corrected for the instrumental (period) response but also using values of '4, with no correction for instrumental response (the amplitudes were of course still corrected for the gain of the seismograph system at its calibration period of 25 s). This procedure is valid since the instrumental response remained the same at each station and since there is an obvious similarity of signals from all explosions recorded at any given station (e.g. The event amplitude factors E , and station amplitude factors Sj determined with equation (2) were scaled by arbitrarily setting the station amplitude factor for DR-CO to a value of 50. The scaled event amplitude factors for the cases of A , both corrected and not corrected for instrumental response are presented in Table 2 along with the corresponding Rayleigh wave station amplitude factors.
For each nuclear explosion, the adjusted amplitudes A', were formed, where
) The adjusted amplitude patterns for the explosions are shown in Fig. 7 for A , corrected for instrumental response. These adjusted amplitude patterns show some scatter but do not deviate from a unit circle to an extent greater than that which can be attributed to the measurement and calibration errors. This indicates that the Rayleigh wave source radiation patterns of the explosions investigated are identical (within the expected error in amplitude) and so application of equation (1) is legitimate. One dominant type of source mechanism seems to be generating most of the observed Rayleigh wave energy for the nuclear explosions studied. As noted previously, this common radiation pattern may not be circular.
Employing station amplitudes not corrected for instrumental response in the calculation of adjusted amplitude radiation patterns (Fig. 8) of the data points from the unit circle. The consistency of this reduction of scattering about the unit circle for each explosion is in agreement with the observation of the similarity of Rayleigh signals at each station and is a further indication that errors are being introduced in making the period measurements. The same analysis technique used to investigate the radiation patterns of the nuclear explosions AUK, BILBY, BRONZE, CUP, KLICKITAT, and WAGTAIL was next applied to two events: BILBY and the BILBY collapse. Since a least squares procedure is used in the analysis, only those stations receiving signals from both BILBY and the BILBY collapse with a usable signal-to-noise ratio could be included in the determination of the event and station amplitude factors. These stations are shown in Fig. 9 . The signal recorded at LC-NM for the BILBY explosion appears to have overdriven the recording system and so was not used.
Rayleigh signals from the collapse of a nuclear explosion are believed to be 180" out of phase with the Rayleigh signals generated by the explosion itself (Brune & measured for the signal from a collapse. The similarity of the Rayleigh explosion and collapse signals as shown in Fig. 10 indicates a similarity in the spectra of these two events in the period range of 9-20 s. At periods shorter than 9 s, explosions generate relatively more energy than collapses.
Using equation (2), event amplitude factors E i and station amplitude factors Sj were determined and scaled by again setting the station amplitude factor for DR-CO to a value of 50. The scaled event amplitude factors for BILBY and the BILBY collapse were determined by solving equation (2) using first A , values corrected and then A , values not corrected for instrumental response. These event factors are given in Table 3 together with the corresponding Rayleigh wave station amplitude factors. Comparison of these station amplitude factors with those given in Table 2 shows agreement to within the expected error, with better agreement existing between the amplitude factors computed with no correction for instrumental response.
The event and station amplitude factors calculated using BILBY and its collapse were used to determine the adjusted amplitude values A', defined by equation (3). These values were then plotted giving the adjusted amplitude patterns shown in Fig. 11 for A , not corrected for instrumental response. These patterns do not deviate from a unit circle by more than the expected error in the amplitude, and so to within the limits of the measurement error discussed previously, the amplitude radiation pattern of the explosion can be considered to be the same as that of the collapse. However if the ratios of the amplitudes of the signals generated by the collapse and by the explosion are considered, then deviation from a unit circle occurs between the azimuthal angles of approximately 10" and 40". It is possible to calculate a tectonic component which, when added to the explosion source, will yield a theoretical explosion/collapse Rayleigh amplitude ratio pattern of approximately the same shape as calculated from the measured amplitudes. This has been done for the BILBY explosion-collapse by Toksoz & Clermont (1967). However, the general similarity between the explosion and the collapse Rayleigh amplitude radiation patterns discussed above suggests that very little tectonic strain release in the form of Rayleigh wave energy occurred during the nuclear explosion. This follows from the fact that cavity collapses are believed to release little if any tectonic strain energy. The similarity which was determined to exist between the amplitude radiation pattern of BILBY and the amplitude radiation patterns of the explosions AUK, BRONZE, CUP, KLICKITAT, and WAGTAIL indicates, when considered together with the similarity of the amplitude radiation patterns of BILBY and its collapse, that the amplitudes of the Rayleigh wave signals from all of these explosions also were not affected to a very large degree by any tectonic energy release. This is in agreement with the similarity in waveform of Rayleigh waves from all these explosions as recorded at any given station. Therefore the station amplitude factors S, determined for these explosions can be considered to represent primarily the effect of Earth structure along the travel path on the observed amplitudes with the effect of any azimuthally dependent source radiation pattern being minor. The variation in these station amplitude factors is evidence then for the strong influence of a complex Earth structure on the amplitudes of Rayleigh waves in the 9-20s period range. Theoretical computation, through the use of an Earth model, of the true amplitude response of the Earth along a given path (e.g. Toksoz et al. 1964; Toksoz et al. 1971) thus becomes very difficult and will probably fail to predict many of the observed amplitude variations.
An explosion believed to be accompanied by a large release of tectonic strain energy is HARDHAT (Brune & Pomeroy 1963; Aki 1964b; Toksoz et al. 1964) . analysis procedures described in this study require each station to record signals from at least two of the seismic events being studied, recordings from many of the stations receiving signals from HARDHAT could not be used. The nuclear explosion AARDVARK was recorded by a number of the same stations which recorded HARDHAT (Fig. 12 ) and so AARDVARK and HARDHAT were selected to be analysed together, following the same procedure as previously described. Unfortunately the signal-to-noise ratios for AARDVARK and HARDHAT Rayleigh signals are not as high as for many of the larger events (see the HARDHAT Rayleigh signals in Fig. 13 ).
In the analysis-the station amplitude factor for. DR-CO was again set equal to 50. The event amplitude factors and the station amplitude factors are given in Table 4 . The adjusted amplitude radiation patterns determined are shown in Fig. 14 for A , not corrected for instrumental response. The points in brackets indicate a poor signal-to-noise ratio for the PT-OR HARDHAT signal. .
Radiation of Rayleigh wave energy
The Rayleigh amplitudes considered by themselves do not seem to require a large tectonic component of energy, but, because of the rather poor azimuthal coverage, it is not possible to conclusively determine the effect of any tectonic component in the HARDHAT explosion on the Rayleigh amplitudes. The Rayleigh signals from HARDHAT received at stations both to the north of NTS (e.g. HL-ID and PT-OR) and to the south-west of NTS appear to be 180" out of phase with respect to Rayleigh signals recorded at the same stations from other explosions (Toksoz et al. 1964) . For example, the HARDHAT Rayleigh signal recorded at HL-ID (Fig. 13) seems to be out of phase when compared to the HL-ID recording shown in Fig. 2 . This phase reversal, together with the fact that Love waves were generated by the HARDHAT explosion, suggests that tectonic energy may be present along with the energy from the explosive source (Aki 1964b) . The Rayleigh amplitude pattern, based upon the azimuthal coverage shown in Fig. 14 , was apparently not greatly influenced by this tectonic component. This is in agreement with theory which suggests that, for a horizontal strike-slip fault, much more Love wave than Rayleigh wave energy will be generated in most directions from the source (S. S. Alexander, private communication).
As a further investigation of the amplitude patterns for collapses, the following events were analysed using the same techniques previously described: the CORDUROY collapse, the DUMONT collapse, the HALFBEAK collapse, and the DUMONT explosion. Since DR-CO was not one of the stations recording these events, the station amplitude factor for TFO was scaled to be the same as given in Table 2 in order to make the station amplitude factors for this set of events compatible with the station amplitude factors previously determined for other sets of events (i.e. with the factors given in Tables 2,3 and 4). The stations used in the analysis are shown in Fig. 15 . The event amplitude factors and the station amplitude factors determined are listed in Table 5 . Radiation patterns computed with A,j not corrected for instrumental response are shown in Fig. 16 .
From the rather limited azimuthal coverage available, the CORDUROY collapse, HALFBEAK collapse and DUMONT explosion appear to have the same adjusted amplitude radiation pattern (Fig. 16 ). However the radiation pattern for the DUMONT collapse deviates from a unit circle in the north-east direction. The possibility seems to exist, therefore, that the observed amplitude radiation pattern from a collapse may deviate from a circle over some small range of azimuthal angles. This deviation may be due to the effect of seismic noise. The previously discussed difference which exists between the amplitude radiation patterns for the BILBY explosion and its collapse over a small azimuthal range may also be due in part to the observed radiation pattern for the BILBY collapse deviating from a circle (rather than the deviation occurring in the explosion radiation pattern). The station amplitude factors determined for all the explosion and collapse events analysed have been shown to represent primarily the effect of the crustal and upper mantle structure on the amplitudes of Rayleigh waves propagating from southern Nevada. Therefore contours of these amplitude factors should indicate the actual amplitude ' attenuation ' to be expected for a Rayleigh wave propagating from the southern Nevada area. The term attenuation is employed here to mean the actual decay in the amplitude of a Rayleigh signal due to all effects of Earth structure including diffraction which may occur along the path from southern Nevada to the recording station. Station amplitude factors for measured signals of 12-13 s (within the range of 11.5-14.0 s) were contoured and are shown in Fig. 17 . These contours show a lower attenuation in the north-east direction between the Northern and Southern Rocky Mountain Ranges and in the south-east direction across the Colorado Plateau and through northern New Mexico and Texas. A region of high attenuation exists in central Arizona. For Rayleigh waves propagating across central Arizona, the Earth would appear to have a negative Q because of the amplitudes recorded at stations beyond this region being larger than the amplitudes recorded within the region. The general pattern of the contours in the north-east direction from NTS is not as certain as is the contour pattern in the south-east direction because of the smaller amplitude differences between the north-east station factors. If the density of stations were greater, more detailed structural variations would possibly be evident. The strong influence of the structure on the amplitudes of surface waves has been noted previously by Pasechnik (1962) in a study of body and surface wave amplitudes measured at Russian stations. He found that the nature of the geological structure in the district of the recording station affected the magnitude determined from the surface waves.
The velocity of S waves in the crust and upper mantle can be expected in general to be low where there is high Rayleigh wave attenuation and high where there is low attenuation. Contours of S wave time anomalies (adapted from Hales & Roberts 1970) are shown in Fig. 18 together with the Rayleigh wave station amplitude factor contours. There is general agreement between the Rayleigh and S contours in the low attenuation-high velocity region in the north-east direction from NTS and in the high attenuation-low velocity region in central Arizona. Both LRSM and WWSSN stations were used in the Hales and Roberts study. Although the number of stations used by Hales and Roberts was greater than the number of stations used in this study, Hales and Roberts did not find much more complexity in Earth structure than is shown in the station amplitude factor contours. The S wave time anomalies are probably influenced more by upper mantle structure than by crustal structure, while the Rayleigh station amplitude factors, because of the periods measured, are affected primarily by crustal structure. The general agreement of the contours seen in Fig. 18 therefore suggests that the crustal structure, to some extent, reflects the characteristics of the structure of the upper mantle beneath it.
Surface wave magnitude
A better estimate of the magnitude of an earthquake or an explosion can be attained if the variations in the measured seismic wave amplitudes due to lateral differences in physical properties of the crust and upper mantle can be removed.
Using the station amplitude factors (Tables 2, 3 , 4 and 5) and equation (3), the effect on surface wave amplitudes of Earth structure can be nearly eliminated for any southern Nevada event. The same technique is of course applicable to any region which has been ' calibrated ' by nuclear explosions.
As seen from the explosion and collapse amplitude patterns, the average deviation from a unit circle in the adjusted amplitudes is less than f30 per cent. We may assume this to be the 20 level. Therefore with 95 per cent confidence the logarithm of an event amplitude factor for an explosion or collapse will be within the range log ( E i --";Ei) to log ( E i + F E , )
(4)
where N is the number of stations used.
In Fig. 19 , all explosion event amplitude factors computed using measured amplitudes corrected for instrumental response are presented, and the best fit straight line is: log E , = 1.46mb-6.37 1962; Clark 1963a, b; 1965a, b, c; 1966a, b, c) . The same event amplitude factors are plotted against Evernden's adjusted body wave magnitudes mbe (Evernden 1967) in Fig. 20 , with the best fit straight line:
log E i = 1-24mb'-4.90.
(6) Equation (6) is therefore a relation between magnitudes computed using body wave amplitudes corrected for local changes in Earth structure and event amplitude factors calculated using Rayleigh amplitudes corrected for the effect of structure along the travel path. A relationship may be similarly attained (Fig. 21) between the event 
where M is the surface wave magnitude determined for distances greater than 15". Froin the range of values given in equation (4), it can be seen that, for explosions, the inbe and M , values obtained from equations (6) and (7) (assuming the slopes and intercepts to be correct) will, with a probability of 95 per cent, be within -0.08 to +0-07 of the true value for N equal to 4. This is better by a factor of five than many of the m b determinations given in the shot reports. Analysis of a large number of NTS explosions using a greater number of stations should, of course, result in more accurate slope and intercept values for equations (6) and (7) and a smaller range of values for the event amplitude factors.
The source radiation pattern of an earthquake along with the seismic station distribution about the source can strongly affect the magnitude assigned to the earthquake (von Seggern 1970) . Perhaps the best method of attaining the magnitude of an earthquake is by first determining the source radiation pattern. Again, this can best be accomplished if the effect of the Earth structure along the travel path has been eliminated from the amplitude values.
Discussion
For all the southern Nevada explosions and collapses investigated, it was found that the Rayleigh wave amplitude recorded at any given station could be represented by the product of an event amplitude factor and a station amplitude factor. The station amplitude factors were determined to represent primarily the effect of Earth structure along the travel path on the observed amplitudes, with any non-circular source radiation pattern having a minor influence on the Rayleigh amplitudes. Contours of the station amplitude factors reveal the general pattern of the actual Rayleigh wave attenuation across the western United States for seismic sources in southern Nevada. Application of the station amplitude factors to all measured Rayleigh signals from events in the southern Nevada region should reduce the scatter of the amplitude values and allow a better estimate of event magnitude to be made. Determination of the true source radiation pattern (found by eliminating the superimposed ' structural ' radiation pattern) should serve as a discriminant between earthquakes and explosions. In future studies spectral amplitudes of the Rayleigh signals should be computed in order to obtain as a function of frequency the station amplitude factors and also, therefore, the attenuation across a given region.
